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This is a Library Circulating Copy which may be borrcwed for two weeks. (1,2,3). The systems for study were chosen with two considerations in mind:
(a) to make the widest possible comparison with well-established results of radiation chemistry, and (b) to collect basic data for the elucidation of the properties of heavy-particle tracks.
The first consideration led to the selection of the acid ferrous sulfate system. This system has been ~tudied extensively using radiation of varied qualities and is one of the best understood of all the aqueous systems. It is known as the 11 Fricke dosimeter 11 and is widely used in radiation biology.
The second consideration led to a selection of additional reactions that would allow a determination of the 11 primary products .. of the heavy-particle irradiations. According to radiation chemical theory, the initial chemical 1 products in an irradiated aqueous system are hydrated electrons (e~q)' H atoms, OH radicals, and H 3 0+ ions produced in the particle tracks. These intermediates are created in high concentrations and as they diffuse away from the tracRs they react with each other and with any other reactive material present. products. The molecular and radical product yields are very important; they depend on the particle, its LET, charge, etc.
This brief sketch of the theory of the radiation chemistry of water suggests several lines of experimentation to obtain basic chemical data o~ heavy particles. The It is usually assumed that the initial yields of e~q' H, OH, and H 3 o + are independent of LET, and that excited electronic states are not important.
The validity of these assumptions should be investigated over the wide range have to do with the ion chamber. First, the W value assumed for heavy ions in nitrogen gas is 34.9 eV per ion pair; second, the relative mass stopping power of water to nitrogen is assumed to be 1. 125. 4 At present the uncertainties in G values are greater than ±5%. The greatest contribution to this rather large uncertainty is the lack of quantitative knowledge of the process of nuclear fragmentation of the incident beam. Qualitatively, we know that nuclear fragmentation alters G values, in the direction of lower LET.
Currently it is not possible to extract beams at lower energies from the Bevalac; hence, the most practical way to reduce the beam energy is to use a water column. This introduces beam fragmentation that results in uncertainties. Even without this water column, we are not free from nuclear fragmentation because of the presence of beam monitoring devices. For example, before the beam even gets to the first ion chamber it has penetrated 2 gm/cm 2 of absorbing materials.
The range and shape of the Bragg curves may change under actual experimental conditions. These variations must be carefully evaluated because the dose we calculate for each cell is a product of the entrance dose and the relative ionization at the point in the Bragg curve corresponding to the location of the cell of interest. Obviously, this problem is magnified both at and near the Bragg peak.
Ferric yields from the Fricke dosimeter were measured within five minutes nf the irradiation using a peckman DU spectrophotometer. The optical density was measured at 304 nm using 1-cm cells. The extinction coefficient used was E = 2170 at 25° C. Sulfuric acid (0.8 N) was used with sodium chloride (10-3 M) to inhibit interference from any possible organic impurity present.
All targets were made up in triple distilled water. Deionized water was distilled from alkaline permanganate and then from phosphoric acid. In the oxygen free system, oxygen was removed by bubbling with nitrogen using a manifold which could degas the entire set of cells simultaneously.
Hydrogen peroxide produced in the sodium bromide and sodium formate systems were measured following the irradiation {5,6) using the method of 
THE SYSTEMS STUDIED
We have so far studied five different systems (Table 1) The yields are somewhat pH dependent so the superscript "a" indicates that these are the values in acid. The total reducing radical yield and the yield of water decomposition (in acid) may be derived from the following equations.
The remaining systems are carried out in neutral solutions.
In aerated sodium formate, the hydrogen peroxide measured is generated by the combination of primary yields shown in equation (5).
In aerated sodium bromide, the OH radical reacts~differently (11) and essentially decreases the H 2 o 2 yield by one-half equivalent. (6) Thus, the difference between the observed yields of the formate and the bromide systems is equal to the yield of the OH radical. G(N02) = f Ge_ (8) aq
The factor 11 f 11 depends on the concentrations of ethanol and nitrate. The concentrations used here were chosen so that f = 0.98 and the nitrite yield is essentially equal to the hydrated electron yield.
To summarize, using the systems so far studied we can derive the OH and hydrated electron yields in neutral solution, and the reducing radical and water decomposition yields in acidic solution.
EXPERIMENTAL RESULTS AND DISCUSSION It should be noted that for all the ions the.ferric yields decrease slightly as the beam energy decreases, and there is a definite reduction in the yield as Z increases. This is seen in the H 2 o 2 yields shown in Figure 4 . The H 2 o 2 yield from aerated bromide is much less dependent on these factors, and indeed the yield for argon seems to increase slightly with beam penetration.
The yields from neon and argon are significantly higher than those from carbon. This is qualitatively expected because the H 2 o 2 produced in the bromide is much more dominated by the molecular H 2 o 2 yield. Earlier work with protons, deuterons, and helium ions has shown that the molecular H 2 o 2 yield is much less dependent on ionization density than the radical yields, and that it increases slightly with ionization density.
The nitrite yields from the oxygen free ethanol/nitrate solutions are shown in Figure 5 . The same slight decrease with beam penetration and more pronounced decrease with increasing Z can be seen. These G values give the yields of hydrated electrons.
From these data we can derive some individual primary yields (or combinations of them). Figure 6 shows the quantity calculated in equation (3).
According to classical radiation chemistry this quantity equals the yield of reducing free radicals that escape the spurs. The thick lines are from the experimental valu~s; the thin lines represent a confidence interval of one standard deviation (±5 to 7%). Clearly these radical yields decrease as the Z increases, but the slight decrease with beam penetration over this range is barely outside experimental error.
The difference between the H 2 o 2 yields of the neutral formate and bromide solutions is shown in Figure 7 . According to generally accepted reaction mechanisms for these two systems, this difference should be equal to the OH 10 radical yield. The decrease with both increasing Z and beam penetration is quite clear. It is expected from track models. The decrease in water decomposition yield is also expected, since radical recombination to re-form water is favored with the heavier ions, and at lower ion velocity.
The data available so far are not sufficient to calculate all the primary radical and molecular yields accurately. Other systems which will make this possible are presently under study; nevertheless, the present data are qualitatively consistent with our current ideas about the structure of heavy-ion tracks. Eventually, these data will be analyzed with the theoretical models currently being developed at LBL. 
